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Measuring and Defining Fatigue 
Behavior of Asphalt Binders 


Karen S. Bonnetti, Kitae Nam, and Hussain 

Fatigue damage is a distress mechanism observed in asphalt, particu¬ 
larly at moderate to low temperatures. Preliminary studies have shown 
that unmodified asphalts are sensitive to fatigue and that the use of mod¬ 
ifiers in asphalt binders can dramatically improve the binder’s response 
to fatigue. One of the major challenges encountered has been the lack of 
a definition of fatigue failure consistent with the actual performance 
of the material regardless of testing conditions. Superpave® asphalt 
binder specification has improved the evaluation of modified and neat 
asphalts, but the definition of failure for fatigue damage is still unclear. 

A selected set of unmodified and modified binders was chosen and tested 
under a range of ioading modes, stress or strain amplitudes, temper¬ 
atures, and frequencies. The fatigue data were analyzed using the 
dissipated energy ratio concept. Np, the number of cycles to crack prop¬ 
agation, was used as the fatigue criterion for the analysis. Using the ini¬ 
tial dissipated energy per cycle (W ( ) as the main independent variable 
for modeling fatigue of binders appears to be a promising technique to 
normalize some of the testing conditions. The parameter Ap20, defined 
as the number of cycles at which the dissipated energy ratio shows 20% 
deviation from the no-damage ratio, appears to be a promising pa¬ 
rameter to define failure. Using V/)20 values, all modification methods 
used showed improvement in the fatigue behavior of unmodified 
asphalts. The fevel of improvement, however, was highly dependent on 
the modifier type and the testing conditions. Initial dissipated energy, 
testing frequency, and temperature were found to be important factors. 

If damage parameters are used in future specifications of binders, test¬ 
ing frequency and testing stress or strain levels should be carefully 
selected to represent pavement structural conditions and traffic speed. 


Fatigue damage in asphalt pavements is one of the common and 
complicated forms of cracking that results from repeated traffic 
loading. It occurs at low to moderate temperature on aged pave¬ 
ments. Determining how modifiers affect the properties of asphalt 
with respect to fatigue damage has posed a challenge because of the 
high level of complexity of the modified asphaltic material. Several 
researchers agree that current definitions of fatigue failure are not 
adequate and that the current measuring system for binder proper¬ 
ties, called the Superpave® grading system, is based on assumptions 
and simplifications that result in an important misrepresentation of 
pavement conditions, including traffic speed, traffic volume, pave¬ 
ment structure, and thermal cooling cycles (1-4). More recently, the 
concept of using damage characterization by conducting fatigue 
testing of binders has been introduced as a better alternative to pre¬ 
dict the true fatigue behavior of asphalt binders similar to asphalt 
mixtures (5-8). Although temperature is the main variable used in 
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grading asphalts in the performance graded (PG) grading system, 
testing frequency and stress or strain level are some of the factors 
that can have a significant effect on damage characteristics. Based 
on data collected recently (4, 8 ), these factors cannot be accounted 
for by grade shifting or other rheological simple factors, as is cur¬ 
rently recommended in the PG grading system. The focus of this 
study is to use a binder damage test based on the energy dissipated 
concept to achieve the following objectives: 

• Evaluate and quantify the effect of modifiers on improving the 
resistance of asphalt to fatigue damage, 

• Propose a fundamental and practical definition of fatigue failure 
that is blind to type of loading, 

• Propose a method of determining stress and strain levels for 
fatigue testing based on the energy dissipated theory that allows 
simulation of extreme pavement structural conditions, and 

• Evaluate procedures to normalize the effects of temperature 
and frequency on fatigue of asphalts. 

PROPOSED FATIGUE CRACKING CRITERION 

Fatigue failure of asphalts can be defined by three main damage 
stages separated by two transition points that occur as a result of 
damage accumulation. The first stage represents the no-damage 
stage during which the stress-strain relationship remains constant 
with cyclic load applications until cycle N x . During this first stage, 
although there is energy dissipation, it is constant for every cycle 
and is dissipated completely in viscoelastic damping, not in damage. 

The next stage is the crack initiation stage, which is typically 
characterized by a gradual change of the material’s response to con¬ 
trolled application of stress or strain until cycle N 2 . In this second 
stage, the stiffness (modulus) of the asphalt is decreasing, which 
results in more damage per cycle under a given stress or less stress 
required to achieve a constant strain. 

The last stage is the crack propagation stage during which the 
material’s response changes very rapidly under constant stress or 
strain until complete fracture is reached at cycle N } ( 3, 4, 8). 

There have been several approaches to representing the transi¬ 
tions from no damage to crack initiation to crack propagation. In this 
study, it was found that the most suitable means of evaluating the 
effect of modifiers in the fatigue response of the binders is using the 
cumulative dissipated energy ratio (DER) concept proposed by 
Ghuzlan and Carpenter in 2000 (5) and Pronk in 1995 (6): 

L w ' 

DER = T=>- 

W„ 
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where 

Wj = dissipated energy per cycle, 

W„ = dissipated energy at cycle n, and 

Wj = total sum of dissipated energy up to cycle n. 

i=l 

Research has shown that this method allows the determination of 
the fatigue life of asphalt mixtures as well as asphalt binders under 
constant stress and constant strain modes. Np represents the binder 
fatigue life, which is the number of cycles of load applications to reach 
the crack propagation stage of the fatigue cracking process under 
constant stress mode or under a constant strain loading mode (2, 6). 

The use of Np as an indicator of the fatigue life of an asphalt 
binder is an important advancement in evaluating the fatigue per¬ 
formance of asphalts. The strain and stress levels at which the binder 
fatigue test is conducted could be selected to represent the overall 
structural capacity of the pavement. The selection of representative 
levels of strain and stress is, however, a challenge because in most 
cases the pavement structure and the mixture volumetric properties 
are not fully known when the binders are tested. In previous studies, 
there was a considerable amount of approximation in determining 
stress and strain levels, which included finite element analysis of 
asphalt mixture images (7). The high levels were mostly arbitrarily 
chosen on the basis of judgment from strain amplitude sweep data 
that were conducted as part of the preliminary work for the NCHRP 
9-10 ( 8 ). In this study, the stress and strain levels were selected using 
a more systematic approach based on the concept that for stiffer 
pavement structures, the binder would be subjected to stresses or 
strains within the linear viscoelastic region. For weak pavement 
structures, the binders would be subjected to higher stresses or 
strains that would be more likely to be within the nonlinear region. 
The effect of traffic speed and pavement temperature can be sim¬ 
ulated by testing at different loading rate (frequency) and at 
design pavement temperature estimated from weather data and 
other climatic conditions. 

The data collected from the repeated loading using the selected ini¬ 
tial energy, loading rate, and temperature are used to calculate the 
DER as a function of the number of loading cycles. The analysis of 
the DER trends can be used to monitor the fatigue progression and to 
select a failure criterion that will define the allowable traffic volume. 

MATERIALS AND EXPERIMENTS 
Materials 

Five modified asphalts and two base asphalts were tested using 
oscillatory shear measurements under stress- and strain-controlled 
conditions. The change in properties was measured using the dynamic 
shear rheometer according to the AASHTO standard procedures 
(TP5). The intermediate test temperatures were selected to target a 
particular value of complex shear modulus (G*). Each asphalt was 
tested after aging with the rolling thin film oven (RTFO). G* and the 
phase angle (8) measurements were used to compute the dissipated 
energy ratio. The asphalt binders selected for this study are listed in 
Table 1. 


Experimental Design 

This study consisted of two phases as follows: 


TABLE 1 Asphalt Binders Used 


Asphalt ID 

PG Grade 

Modifier 

At (Base) 

PG 70-22 

None 

A2 

PG 76-22 

Controlled Oxidized (BB) 

A3 

PG 82-22 

Styrene-Butadiene-Styrene Radial (SBS R) 

A4 

PG 52-40 

SB Diblock Crossed-Linked (Stylink) 

B1 

PG 76-22 

Crumb rubber (CRM) 8% 

Cl (Base) 

AC-7 

None 

C2 

PG 76-22 

Ethylene-Vinyl-Acetate (EVA) 


Phase I: Determination of Testing Parameters 

• Type of test: amplitude sweep; 

• Controlled variables: 

-Asphalt binders: seven levels; 

-Testing environment: one level (RTFO); 

-Type of loading: one level (stress controlled); 

-Frequency level: two levels (1.6 Hz and 10 Hz); 

-Testing temperature: two levels (intermediate temperature 

and the temperature at which G* = 15 MPa); 

• Response variables: 

-1.6 Hz: 

• Low, medium, and high (or highest possible) strain levels; 

• Low, medium, and high (or highest possible) stress levels; 
-10 Hz: 

• Low, medium, and high (or highest possible) strain levels; 

• Low, medium, and high (or highest possible) stress levels. 

Phase II: Fatigue Testing 

• Type of test: time sweep; 

• Controlled variables: 

-Asphalt binders: seven levels; 

-Testing environment: one level (RTFO); 

-Type of loading: two levels (stress controlled, strain 
controlled); 

-Wf. three levels (high = 100 000 Pa, medium = 22 500 Pa, 
low = 5000 Pa); 

-Strain changes in time sweep: three levels (varying to meet 
desired W, level); 

-Stress changes in time sweep: three levels (varying to meet 
desired IV, level); 

-Frequency: two levels (1.6 Hz and 10 Hz); 

-Testing temperature: two levels (intermediate temperature 
and the temperature at which G* = 15 MPa); 

• Response variables: 

-Np, Np 10, and Np20: As explained earlier, Np represents 
the number of cycles to crack propagation, which initially 
appears to be a reasonable measure of the fatigue life of the 
asphalt. However, after comparing the strain-controlled testing 
results with the stress-controlled testing results, it became 
apparent that to have a unified failure criterion for both loading 
modes, a different definition of failure was needed. The num¬ 
ber of cycles representing the crack-initiation stage was observed 
to significantly depend on the mode of loading and on the type 
of modification. For the majority of asphalts, the crack initia¬ 
tion stage is much longer (in terms of number of cycles) under 
strain-controlled conditions compared with stress-controlled 
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conditions. In addition, certain modified asphalts, although they 
show signs of crack initiation early in the testing, will last a 
very large number of cycles before the crack propagation stage 
appears. To develop a unified conservative criterion, Np 10 and 
Np20 were introduced. They represent the number of cycles at 
which there has been 10% and 20% deviation, respectively, 
from the no-damage stage, which is defined by the constant 
slope of DER versus number of cycles ( N ). The Np20 was cho¬ 
sen over Np and Np 10 for the data analysis in this study because 
it appears to be well beyond the initial experimental error and yet 
close enough to the no-damage stage to offer a unified failure 
measure. 

and K 2 values: and K 2 are the slope and the Y intercept, 
respectively, of the fitted fatigue curves (W level versus Np) 
for a given asphalt binder. Several researchers agreed that these 
two values reflect the fatigue characteristics of a bituminous 
material ( 3, 6, 9). The slope and the Y intercept from fatigue 
curves obtained from different types of fatigue testing have been 
used in the following equation to determine the number of cycles 
to failure (Nf) as a function of either the initial strain, for strain- 
controlled fatigue tests, or as a function of initial stress, for 
stress-controlled tests. 


For this study, N f was computed as a function of initial energy 
level (W,) rather than either initial stress or initial strain. 


MODEL FOR DER 

Microsoft Excel spreadsheets were used for the analysis of the time 
sweep data. The following is an explanation of the models used to 
fit the data and determine Np, NplO, and Np20. 


Model of Strain-Controlled Time Sweep Data 

The model used for fitting strain-controlled time sweep test results 
is as follows: 

N = N c + b,(R - R, ) + T(b 2 - b,) ln{l + exp[(R - R c )/T]} 
where 

R = dissipated energy ratio, 

N c = constant number of loading cycles, 

R c = constant dissipated energy ratio, 
b i = slope of the lower asymptote of N versus R, 
b 2 = slope of the upper asymptote of N versus R, and 
T = shape parameter. 

A program with Excel was developed for fitting the test data. The 
Solver feature of the software was employed in computing the val¬ 
ues of the parameters using the least-square criterion. The Np was 
determined by jointly solving the following two equations: 

N = R 

N = N c + b 2 (R - R c ) (upper asymptote) 


The Np 10 and Np20 are defined as the number of loading cycles at 
which the dissipated energy ratios deviate from the equality line, 
R = N, by 10% and 20%, respectively. They are determined with the 
actual DER data using— 

R - N 

% deviation = -x 100 

N 

Interpolation and extrapolation techniques are used in determining 
Np 10 and Np20. 

Model for Stress-Controlled Time Sweep Data 

The model used for fitting stress-controlled time sweep test results 
is as follows: 

R = R c + a,(N - N c ) + S(a 2 - a,) ln{l + exp[(A - N c )/S]} 
where 

a l = slope of the lower asymptote of R versus N, 
a 2 = slope of the upper asymptote of R versus N, and 
S = shape parameter. 

Only the data for which R increases with increasing N were fitted. 
When analyzing the stress-controlled data, the program used all data 
up to R ma for the consideration of consistency and comparability of 
results. The percentage of data that had R decreasing with increasing 
N might vary with the level of stress and could be binder specific, 
which was not emphasized. 

A program with Excel was developed for fitting the test data. The 
Solver feature of the software was employed in computing the val¬ 
ues of the parameters using the least-square criterion. The Np was 
determined by jointly solving the following two equations: 

R = N 

The Np 10 and Np20 are defined as the numbers of loading cycles at 
which the DER deviated from the equality line, R = N, by 10% and 
20%, respectively. They were determined with actual dissipated 
energy ratio data using: 

N - R 

% deviation = -x 100 

N 

Interpolation and extrapolation techniques are used in determining 
Np 10 and Np20. Figure 1 shows the stress- and strain-controlled 
DER versus the number of cycles used to determine Np, Np 10, and 
Np20. The energy dissipated from one cycle to another using 
the same energy ratio equation has opposite effects on the stress- 
controlled (Figure lu) versus the strain-controlled data (Figure lb). 
This observation is expected because of the mechanical response 
of the material to the nature of the type of loading. Under strain- 
controlled conditions, the material tends to store energy because 
of the constrained deformation, whereas under stress-controlled 
conditions, the material freely dissipates the energy into permanent 
deformation. Thus around the stage of fatigue crack propaga¬ 
tion (Np), the slope in the stress-controlled curve tends to decrease 
(i.e., negative slope) and in the strain-controlled data it increases 
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FIGURE 1 DER versus number of cycles: (a) stress-controlled fatigue test; lb) strain-controlled 
fatigue test. 


(i.e., positive slope). This trend has also been observed in fatigue 
data obtained from mixture beam fatigue testing (5). 


TEST RESULTS AND DISCUSSION 

As mentioned earlier, this study included five modified asphalts and 
two base asphalts. Among these asphalts, the modified asphalts 
showed a wide range of results, which indicates that the type of 
modification has a significant effect on the fatigue life of the base 
asphalts. The relative effect of modification, which was mostly pos¬ 
itive, varied according to testing conditions such as frequency, tem¬ 
perature, and energy input. The next few sections will detail these 
effects and discuss their relative importance. 


Effect of Energy Level 

Figure 2 shows the results of fatigue tests conducted at different 
energy levels using the stress-loading mode and the strain-loading 
mode. Energy was observed to have an obvious effect on the fatigue 
life of this particular asphalt. Under either stress- or strain-controlled 
conditions, the fatigue life of an asphalt binder clearly decreased 
with increasing initial energy level. This is typical of fatigue asphalt 
mixtures as reported in the literature (5). 

Typically under stress or strain conditions, as the energy level 
increases, the fatigue life of the binder decreases. This trend of 
decreasing fatigue life with increasing energy level was studied 
because it represents the effect of the structural capacity and par¬ 
ticular characteristics of asphalt pavements, such as the layer thick- 
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FIGURE 2 Effect of energy level for Ci (base) binder TT1 = 19°C: (a) fatigue 
test data at 1.6 Hz; lb) fatigue test data at 10 Hz. 


ness and the soil support values of pavements. The higher the ini¬ 
tial load-bearing capacity of the pavement is, the lower the energy 
input is and thus the longer the expected fatigue life is. It is there¬ 
fore estimated that testing under high strain or stress conditions rep¬ 
resents weak pavement conditions, whereas testing under low 
stress or strain conditions represents strong pavement conditions. 
It is also hypothesized that pavements with thin asphalt layers oper¬ 
ate under strain-controlled conditions, whereas pavements with 
thick layers operate under stress-controlled conditions. The problem 
with this theory and logic is that the actual properties and charac¬ 
teristics of pavement are highly variable and can rarely be accurately 
estimated (5). 

In this study, testing was conducted under stress- and strain- 
controlled conditions to study the effect of loading mode and to 
derive a fatigue parameter independent of pavement or loading 
specifics. Figure 2 depicts the classical method of representing the 
effect of energy level on the fatigue behavior of asphalt mixtures. 
The initial dissipated energy is plotted as a function of the number 
of cycles to failure (Np20), which is calculated as the number of 


cycles to 20% damage progression. The two curves shown are for 
the same temperature using two different modes of loading (LI = 
stress loading and L2 = strain loading). As shown in the plot, the 
energy has a very significant effect on the relationship between 
Np20 and the initial dissipated energy. Similar results were observed 
for other asphalts. 

The results shown in Figure 2 a were measured for a frequency of 
loading of 1.6 Hz, which is typical of traffic moving at 20 mph. To 
show the effect of increasing the frequency. Figure 2b was prepared 
to show the results at 10 Hz, which represents traffic moving at 
60 mph. The relationships change and, although there is marginal 
effect of the loading mode, the sensitivity of the fatigue life to dis¬ 
sipated energy decreases. The linear relationship between Wj and 
Np20 observed in these plots was used to fit a linear equation of the 
fatigue curves based on the logarithmic scales. The expanded form 
of the linear relationship is as follows: 

Logarithmic relationship 
Y = K 2 x X K ' 
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Linearized expanded form 
ln(F) = ln(A) - B x ln(X) 

The slopes (A'i ) and Y intercept ( K 2 ) values for the fatigue curves 
for different frequencies and loading modes are shown in Figure 2. 
Notice the R 2 values are quite high, implying a very good correla¬ 
tion between different energy levels. The values of the K, and K 2 
show that both loading mode and frequency can affect the fatigue 
relationships. They also indicate that interactions between these two 
factors could be important. The next two sections describe the 
details of the effect of loading mode and frequency. 

Table 2 shows the ratios of Np20 values obtained from the origi¬ 
nal test to the Np20 value obtained from the replicate. The ratios are 
either one or close to one, which indicates that the repeatability of 
the fatigue data in this study appears to be considerably high. 

Effect of Loading Mode and Frequency 

The DER variations with number of cycles is one of the best 
approaches to studying the effect of loading mode (stress- or strain- 
controlled testing) and the effect of frequency. As shown in Figure 3, 
the rate of change in DER is more apparent for the stress-controlled 
compared with the strain-controlled testing. If the number of cycles 
to crack propagation (Np) is used to define fatigue failure, as observed, 
the Np obtained from stress-controlled fatigue testing is very close 
to the Np obtained from strain-controlled testing. This appears to 
be true regardless of the frequency at which the sample is loaded. 
Furthermore, all the curves in Figure 3 appear to share the same 
“no-damage or perfect performance” curve. This agrees with 
the idea that in the "no-damage region” (or viscoelastic damping 
stage) binders tend to share similar performance regardless of the 
loading mode. 

Based on this analysis, it can be assumed that the same fatigue 
relationship with respect to K x and K 2 can be used for both loading 
modes. The fatigue models for this asphalt in terms of Np20 are 
shown in Figure 4. The figure includes models for two frequencies 
(1.6 Hz and 10 Hz) to compare the effect of loading mode with the 
effect of frequency. For this asphalt, it was observed that the stress- 
and strain-controlled results fit the same relationship for each fre¬ 
quency. The frequency had a more important effect compared with 
the loading mode. Although this observation was true for some of 
the binders tested in this study, it was not true for all binders. For 
example for the A4 binder [modified with the styrene-butadiene 


(SB) cross-linked] and for the NCHRP base asphalt, this trend did 
not hold. 

Frequency clearly had an important role in defining failure in 
fatigue. In both loading modes for this asphalt, higher frequency 
resulted in significantly longer fatigue life. This could be attributed 
to the fact that at higher frequency, almost all asphalts will show 
higher G* values and lower phase angles. Using the formula for cal¬ 
culating energy dissipated per cycle, it can be shown that the changes 
in G* and phase angle could result in higher or lower initial energy. 
It would therefore be expected that the trend in change of the fatigue 
behavior because of a shift in frequency would vary from one binder 
to another. Although for most asphalts tested it was observed that 
higher frequency resulted in longer fatigue life, for some materials 
the increase in frequency resulted in shorter fatigue life. Therefore, 
it could be concluded that the effect of frequency is highly asphalt 
specific and is significantly affected by mode of loading. 

Effect of Modifiers and Composition of 
Base Asphalt 

It has been recognized from field data that not all modifiers are the 
same (10). For fatigue performance of asphalt pavements, identify¬ 
ing which modifiers are the best and what causes certain modifiers to 
give the best results has been very difficult. The effect of modifiers 
on improving fatigue performance is hypothesized to be a function 
of the modifier’s particular characteristics at a physical and molecu¬ 
lar level. Figure 5 a depicts an example of the effect of the five mod¬ 
ifiers used in this study. The results in this figure are for the binders 
tested under a constant stress oscillatory shearing at higher frequency 
(10 Hz) and intermediate temperatures. Under these conditions, the 
asphalt binder modified with SB cross-linked (A4) exceeded the 
performance of all the other modified and unmodified asphalts. 

Figure 5b shows similar fatigue results but collected under strain- 
controlled conditions. The results confirm the trend seen under 
the stress-controlled conditions. They also show that all modified 
asphalts display improvement in resisting fatigue damage compared 
with the base asphalts. This statement has been true for all other con¬ 
ditions tested. However, the contributions of each modifier to resist¬ 
ing fatigue damage have varied, in some cases conspicuously, at 
different combinations of conditions. 

The performance of the different modifiers requires some special 
attention. The elastomeric modifiers, which include binder A3 
(styrene-butadiene-styrene radial of PG 82-22 grade) and binder A4 


TABLE 2 Fatigue Data Repeatability 


Asphalt 

Stress or 
Strain 

TT1(°C) 

Frequency 

Np20 

Repetition or 
Original 

Ratio (Np20 
Repetition/Original) 

AC-7 

MSn 

19C 

1.6 Hz 

1.2E+03 

Original 

1.00 

MSn 

19C 

1.6 Hz 

1.2E+03 

Repetition 

MSn 

19C 

10 Hz 

4.3E+03 

Original 

1.06 

MSn 

19C 

10 Hz 

4.5E+03 

Repetition 

lb()2 

HS 

30C 

10 Hz 

9.8E+02 

Original 

1.00 

HS 

30C 

10 Hz 

9.8E+02 

Repetition 

HSn 

30C 

1.6 Hz 

1.3E+03 

Original 

0.86 

HSn 

30C 

1.6 Hz 

1.1E+03 

Repetition 

PG 70-22 

HSn 

28C 

10 Hz 

7.5E+02 

Original 

0.97 

HSn 

28C 

10 Hz 

7.3E+02 

Repetition 

MSn 

28C 

1.6 Hz 

1.9E+03 

Original 

1.00 

MSn 

28C 

1.6 Hz 

1.9E+03 

Repetition 
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FIGURE 3 Effect of energy level for ethylene vinyl acetate (EVA) base asphalt at 1.6 Hz and 
19°C: (a) stress-controlled fatigue tests; lb) strain-controlled fatigue tests. 


(SB of PG 58-40 grade), appear to be significantly better than the 
oxidized asphalt (A2 of the PG 76-22 grade) and the rubber modi¬ 
fied asphalts (B1 of the PG 76-22 grade). It is also clear that the base 
asphalts vary in their performance, which indicates that aside from 
the modifier type, the chemical composition could have a significant 
effect. 


Effect of Temperature 

It is well known that pavements operate under a variety of tempera¬ 
ture conditions. During the initial stage of the project, the temperature 
was not considered as a factor because it was believed that by testing 
at equal G* value temperatures (TT1), the effects of temperatures 
could be normalized. Also, because the frequency was varied in the 
experiment, there was little to gain by changing temperature. The 
results of differing frequencies, however, indicated that there could be 
a change in ranking based on the frequency. Therefore, limited test¬ 
ing was conducted to evaluate the effect of temperature. Figure 6 
shows examples of the effect of temperature on the fatigue curves 


under stress-controlled and strain-controlled conditions, respectively. 
The results shown indicate that for this asphalt increasing the 
temperature from 22°C to 28°C results in a marginal increase in 
fatigue life under stress-controlled conditions whereas the opposite is 
observed under strain-controlled conditions. 

Similar trends were observed in other binders’ tests under vari¬ 
ous testing conditions. Based on these results, it appeared that there 
is a significant effect of temperature and that the effect is highly 
dependent on the modifier type and the stress level used in testing. 

STATISTICAL ANALYSIS 

Because of the apparent complexity of interactive effects of the con¬ 
trolled variables, an analysis of variance was conducted to quantify 
the significance of the factors and to understand the source of vari¬ 
ability in fatigue behavior of the binders. The analysis was conducted 
for several response variables including, Np, Np 10, Np20, K u and K 2 . 
The S AS computer program was used to fit different multilinear mod¬ 
els to the data and to calculate the R 2 and the sum of square Type I and 
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FIGURE 4 Effect of type of loading on K, and K s for C, (base) 
asphalt at 1.6 Hz and 10 Hz. 


Type III errors. The following sections summarize the interpretation 
of the statistical results. 


General Models 

Using this type of analysis, the best model for Np, Np 10, and Np20 
can be optimized. Some of the important trends are as follows: 

• Using Np as the dependent variable, the binder modification type 
or source (asphalt concrete) contributed the most for the explanation 
of variability (highest Type III sum of square error). 

• It appears, however, that the loading type (load) is the next 
most important factor and it contributes significantly to the vari¬ 
ability. Temperature and frequency are of little value in attempting to 
explain the variability. 

• iVplO model has the lowest value of R 2 . The numerical tech¬ 
nique used to estimate this parameter is not thought to be robust and 
could be significantly affected by experimental error. 
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FIGURE 5 Effect of modifiers; fatigue test data at 10 Hz, TT1, and medium 
energy level: (a) stress-controlled fatigue tests; (bl strain-controlled 
fatigue tests. 
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FIGURE 6 Effect of temperature for A, (base) asphalt at TT1 = 28°C, TT2 = 22°C 
and 10 Hz: (a) stress-controlled tests; lb) strain-controlled tests. 


• The Np20 model gives an R 2 value that is higher than the Np 10 
model and that requires less interactive terms to achieve that value of 
R 2 . It was, therefore, selected as the best response parameter to be used. 

• Several important interactive effects were observed to be 
highly significant. The value of the Type III sum of square error was 
actually higher for some of the interactive effects than the main 
effects of the frequency and temperature, which is a good indication 
of the complexity of the fatigue behavior. The interactive effects of 
binder modification or source with energy level and with loading 
type are highly important. 

Using the main effects only does not appear to be promising. Table 3 
lists selected models for each of the response variables (Np, Np 10, 
Np20). As can be seen, the R 1 values are relatively low and cannot 
be considered acceptable. 

K -1 and K z Constants 

Statistical analysis was also used to define the best models in terms 
of the fatigue coefficients K 1 (slope) and K 2 (intercept) that take into 
account the known effects of dissipated energy used in the testing. 
One of the most important observations in this analysis was that K t 


and K 2 gave the best R 2 values. The temperature was not included as 
a factor because of the limited data available. An attempt was made 
to remove the effect of interactions by fitting models with only the 
main factors. Table 3 includes these models. 

The results in Tables 4 and 5 indicate that the interactive effects 
are important, particularly for the K x coefficient. In summary, the 
statistical analysis shows that for the fatigue model coefficient (K, 
and K 2 ), the hypothesis that K 1 and K 2 are not affected by the effect 
of loading mode appears to be true. However, frequency appears to 
have an effect on K { and K 2 . The effect of temperature might be 
insignificant, but because of the insufficient availability of data, the 
effect of temperature cannot be determined from this study and it 
should be studied in the future. 


SUMMARY OF FINDINGS 

The following is a summary of findings according to the topic or 
variable included in the experiment. 

• Failure in fatigue can be defined using DER. Three parameters 
(Np, Np 10. and Np20) were evaluated in this study. The Np20 
appears to better represent the fatigue performance of asphalt 
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TABLE 3 Summary of Main Effects Models 


|Np SAS Output | 

Factors 

Factors 

Significant? 

p-value 

R 2 

AC,En 

AC 

Yes 

0.0407 

0.2440 

En 

Yes 

0.0016 

AC,En, Load 

AC 

Yes 

0.0254 

0.2900 

En 

Yes 

0.0019 

Load 

Yes 

0.0381 

AC*,En*,Load*, Freq*, Temp* 

AC 

Yes 

0.0080 

0.3823 

En 

Yes 

0.0165 

Load 

Yes 

0.0177 

Freq 

No 

0.1530 

Temp 

Yes 

0.0245 

|NplO SAS Output j 

Factor 

Factor 

Significant? 

p-value 

R 2 

AC.En 

AC 

No 

0.0669 

0.2363 

En 

Yes 

0.0013 

AC,En, Load 

AC 

No 

0.0514 

0.2661 

En 

Yes 

0.0015 

Load 

No 

0.0991 

AC,En,Load, Freq, Temp 

AC 

Yes 

0.0159 

0.3568 

En 

Yes 

0.0102 

Load 

No 

0.0571 

Freq 

No 

0.0724 

Temp 

No 

0.0724 

|Np20 SAS Output | 

Factor 

Factor 

Significant? 

p-value 

R 2 

AC.En 

AC 

No 

0.0494 

0.2332 

En 

Yes 

0.0024 

AC,En, Load 

AC 

Yes 

0.0372 

0.2623 

En 

Yes 

0.0029 

Load 

No 

0.1034 

AC,En,Load, Freq, Temp 

AC 

Yes 

0.0134 

0.3425 

En 

Yes 

0.0197 

Load 

No 

0.0623 

Freq 

No 

0.1445 

Temp 

No 

0.0567 


AC* denotes Binder modification or source 
En* denotes Initial dissipated energy level 
Load* denotes Load 
Freq* denotes Frequency 
Temp* denotes Temperature 


TABLE 4 Models of K, and K 2 in Terms of Fitted Models Using 
Np20 Including Only Main Effects: K, (Slope) SAS Output 


Group Factor 

Individual Factor 

Significant? 

p-value 

R 2 

AC 

AC 

No 

0.1651 

0.3552 

AC,Freq 

AC 

No 

0.0942 

0.5302 

Freq 

Yes 

0.0185 

AC, Load 

AC 

No 

0.2642 

0.5207 

Load 

No 

0.5648 

AC, Load, Freq 

AC 

Yes 

0.1033 

0.5465 

Load 

No 

0.4444 

Freq 

Yes 

0.0202 


TABLE 5 Models of K, and K 2 in Terms of Fitted Models Using 
Np20 Including Only Main Effects: K 2 (V intercept) SAS Output 


Group Factor 

Individual Factor 

Significant? 

p-value 

R 2 

AC 

AC 

No 

0.4963 

0.2269 

AC,Freq* 

AC 

No 

0.5451 

0.7871 

Freq 

No 

0.5085 

AC, Load 

AC 

No 

0.4989 

0.2658 

Load 

No 

0.3418 

AC,Load, Freq 

AC 

No 

0.4741 

0.3099 

Load 

No 

0.3414 

Freq 

No 

0.3121 


In the full analysis nothing was significant 
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binders because it can be clearly defined, it is less affected by the 
experimental error, and is less sensitive to the loading mode. 

• The effect of modifiers on binder fatigue performance varies 
significantly depending on the testing conditions. Based on the cumu¬ 
lative improvements, the most favorable application conditions for 
using modified asphalt binders were at medium energy level (typi¬ 
cal of intermediate loads), strain-controlled conditions (typical of 
weak pavement support layers), and lower frequencies of loading 
(typical of slow-moving traffic). 

• The least favorable conditions for using modified binders to 
improve fatigue performance of pavements were at high energy lev¬ 
els (very heavy loads), stress-controlled conditions (typical of thick 
and strong pavements), and high frequency (typical of fast-moving 
traffic). 

• Similar to other materials, the fatigue lives of asphalts were 
sensitive to initial dissipated energy levels; the higher the initial 
energy level (because of higher stress or strain applied) is, the shorter 
the resulting fatigue life is. 

• Statistical analysis of the fatigue behavior shows that the con¬ 
ventional power law model, expressed as the number of cycles to 
failure in fatigue as a function of the initial dissipated energy, fits 
the data collected very well. The two parameters, K , for slope and 
K 2 for intercept, could be used successfully to describe the fatigue 
of binders. 

• These fatigue life parameters (K, and K 2 ) appear to provide a 
promising advancement toward obtaining a fundamental measure of 
fatigue damage. 

• The data obtained in this study show that the fatigue results of 
binders are repeatable and the experimental errors are well within 
acceptable limits when sampling and testing are done according to 
protocol. 

• Although it was observed that for some modified binders, Np20 
values were somewhat dependent on loading mode, the fatigue 
performance defined in terms of K x and K 2 values was not highly 
affected by the loading mode. The fitted fatigue curves based on 
stress- and strain-controlled results have significantly high R 2 val¬ 
ues (0.83 to 0.97), which indicates that initial dissipated energy is a 
much more important factor. 

• The effect of testing frequency is observed to be significant 
regardless of what parameter is used to predict fatigue behavior. This 
appears to be true for both stress- and strain-controlled conditions. 

• The effect of frequency on the K x and K 2 values used in the 
fatigue models was also important and was found to be second only 
to the effect of modifier type. 

• The relative fatigue performance of modified asphalt binder 
was observed to vary significantly depending on the characteristics 
of the modifier. The relative ranking of improvements provided by 
the modifier was found to vary as a function of the particular set of 
testing conditions. 

• Elastomers and plastomers used in this study were observed 
to perform very well under stress-controlled conditions and high 
frequency, which are typical of major highways. Elastomers were 
also found to be suitable for strain-controlled conditions and low 


frequency, typical of secondary roads. Although binders pro¬ 
duced by oxidation or by using crumb rubber offer better perfor¬ 
mance than unmodified asphalts, they were found to be the least 
favorable. 

• Temperature appears to have an effect on fatigue performance. 
The effect is highly dependent on the modifier type and the base 
asphalt used. Insufficient data because of time constraints did not allow 
for an evaluation of the temperature effect in terms of the fatigue co¬ 
efficients K x and K 2 . More work is necessary to assess the importance 
of the temperature on the fatigue behavior of asphalt binders. 
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